The concept of motor equivalent combinations of arm muscles, or M-modes, was investigated during reaching to insert a pointer into a cylindrical target with and without an elbow perturbation. Five M-modes across 15 arm/scapula muscles were identified by principal component analysis with factor extraction. The relationship between small changes in the M-modes and changes in the position/orientation of the pointer were investigated by linear regression analyses. The results revealed a motor equivalent organization of the M-modes for perturbed compared with nonperturbed reaches, both with respect to hand position and orientation, especially in the first 100-ms postperturbation. Similar findings were obtained for motor equivalence computed based on changes in the joint configuration, although the kinematically defined motor equivalence was stronger for pointer orientation. The results support the hypothesis that the nervous system organizes muscles into M-modes and flexibly scales M-mode activation to preserve stable values of variables directly related to performance success.
Hughlings Jackson (1889) recognized some time ago that "the central nervous system knows nothing of muscles, it only knows movements". This opinion brings attention to the fact that muscles are unlikely to be independently controlled by the CNS, a hypothesis supported by evidence from recent experiments using animal models to explore movements triggered by cortical Graziano, Taylor, Moore, & Cooke, 2002; Holdefer & Miller, 2002) and spinal cord stimulation (Saltiel, Wyler-Duda, D'Avellla, Tresch, & Bizzi, 2001 ). Such results indicate that combinations of muscle groupings express different motor behaviors, and that functionally relevant groups of muscles might be encoded at different levels of the CNS.
A variety of dimensional reduction approaches (e.g., principal component analysis, independent component analysis, nonnegative matrix factorization) have been used to identify groups of muscles that appear to work as single functional units of action (Turvey, 1990) , referred to by some as muscle synergies (D'Avella, Portone, Fernandez, & Lacquaniti, 2006; Ting, 2007; Tresch, Cheung, & D'Avella, 2006) and by others as muscles-modes (Asaka, Wang, Fukushima, & Latash, 2008; Danna-Dos-Santos, Degani, & Latash, 2008; Krishnamoorthy, Latash, Scholz, & Zatsiorsky, 2004; Latash et al., 2007) , with important distinctions. The second term implies that muscle groups play the role of elemental variables, on which synergies are built. The notion of synergies requires that different muscle groups work together in a flexible way to achieve the stability of or consistent changes in the values of important, functionally-relevant performance variables .
Functional muscle synergies have been investigated using the Uncontrolled Manifold (UCM) approach (J.P. Scholz & Schöner, 1999) . This method provides a means for partitioning the variance of elemental variables into two components, only one of which produces motor error ("bad" variance), while the other ("good" variance) reflects flexible combination of the elemental variables that stabilize or provide consistent changes in a performance variable closely related to the task. Within this framework, muscle-modes represent combinations of muscle activations that reduce the number of DOFs manipulated by the CNS. It is important that the CNS has the ability to combine muscle-modes in different ways as the situation warrants to achieve performance stability, including the ability to compensate for perturbations . Many studies have investigated the role of functional muscle synergies from this perspective in the context of postural control (Danna-Dos-Santos et al., 2008; Danna-Dos-Santos, Shapkova, Shapkova, Degani, & Latash, 2009; Danna-Dos-Santos, Slomka, Zatsiorsky, & Latash, 2007; Krishnamoorthy, Goodman, Zatsiorsky, & Latash, 2003; Krishnamoorthy, Latash, Scholz, & Zatsiorsky, 2003; Krishnamoorthy et al., 2004; Krishnamoorthy, Scholz, & Latash, 2007) . These studies have focused on analysis of the two components of variance in the muscle-mode space with respect to different performance variables but did not investigate motor equivalence directly. Moreover, to our knowledge, no studies have investigated motor equivalence related to muscle activation in the context of more skilled activities such as reaching. Thus, the experiments presented in this article investigated the extent to which differences in muscle-mode activations between perturbed and nonperturbed reaches displayed motor equivalence, i.e., were directed to minimize deviations of important performance variables from their unperturbed trajectories. D'Avella and colleagues (2008; 2006) have provided evidence for the organization of arm muscles into a smaller number of functional groupings during the performance of reaching tasks by humans. However, their work did not investigate effects of perturbations and motor equivalence. Previous studies have reported that the number and composition of muscle-modes are not necessarily the same across subjects or similar tasks (D'Avella et al., 2008; Danna-Dos-Santos et al., 2008; Danna-Dos-Santos et al., 2009; Krishnamoorthy et al., 2004; Krishnamoorthy et al., 2007) . One study of muscle control of a single finger also suggested that the muscle-mode structure might be absent: individual muscles can be units of control (Valero-Cuevas, Venkadesan, & Todorov, 2009 ). Nevertheless, even in that study, an important finding was that the gains of the motor elements, whether musclemodes or individual muscles, covaried to ensure low variability of the task variable (isometric force in an index finger task).
The current experiment is an extension of a previous study by our group (Mattos, Latash, Park, Kuhl, & Scholz, 2011 ) that established motor equivalence at the level of joint motions. There, deviations of the joint configuration that resulted from application of an unpredictable elastic resistance to elbow extension were primarily motor equivalent when compared with nonperturbed reaches. This was true both during the course of reaching and at movement termination, where accuracy of the pointer-tip position or pointer orientation was most crucial. The current experiment sought to determine whether a similar signature of motor equivalence could be identified at the level of muscle synergies and whether the amount of motor equivalence differed during different phases of the reach. Synergies identified kinematically can result both from coupling of joint rotations due to biomechanical factors (e.g., joint interaction torques) and neural control. The muscle mode analysis used in the current study is based on quantifying coordinated electromyographic (EMG) activities of muscles recorded across the arm. EMG is an accepted method to identify changes in the neural drive to the motoneuron pools that innervate muscles. Thus, changes in muscle-mode magnitudes reflect coordinated changes in neural activation, due to local reflexes (40-60 ms postperturbation), preprogrammed reactions (~70-100 ms), or voluntary corrections (>100 ms).
In addition, it has been proposed that natural human movements are built on a hierarchy of synergies. For example, multijoint reaching to a target may be viewed as built on a multijoint kinematic synergy; each joint's trajectory may be viewed as built on a multimuscle synergy, while each muscle's activation pattern may be viewed as built on a synergy of motor units Latash et al., 2007) . Based on this hypothesis, one could predict that synergies defined at the muscle level would exhibit motor equivalent behavior with respect to stabilization of individual joint torques and related individual joint motion, but not necessarily with respect to stabilization of end-effector motion, which would depend on synergies defined across multiple joint motions. Thus, whether motor equivalence of muscle modes with respect to trajectories of the pointer tip's path and/or the hand's orientation were found in the current study, would provide an additional test of the hierarchical synergy hypothesis. Note that several recent studies have shown a trade-off between synergies at different levels of a hierarchy (Gorniak, Zatsiorsky, & Latash, 2007 , 2009 Wu, Zatsiorsky, & Latash, 2012) . These results suggest that having a strong synergy at the level of joint kinematics does not mean that a similar synergy will be seen at the level of muscle activations.
As in our previous study (Mattos et al., 2011) , the task was reaching to insert a pointer into a cylindrical object, while an elastic resistance could be applied across the elbow. If motor equivalence in the space of muscle modes were to be found, we expected it to be strongest immediately after the onset of the elbow perturbation, and to be greater with respect to the pointer's spatial orientation rather than the position of the pointer-tip, based on our previous study (Mattos et al., 2011) .
Methods

Subjects
Ten healthy subjects, averaging 23.1 ± 3.2 years of age, 175.4 ± 11.5 cm in height, and 76.6 ± 19.5 kg in weight, participated in the study. All participants were righthanded as determined by the Edinburgh handedness questionnaire (Oldfield, 1971) and had no reported neurological or motor disorders. They gave written informed consent as approved by the University of Delaware Human Subjects Committee in accordance with the Declaration of Helsinki.
Set-up Procedures
Subjects' Initial Position. Participants sat on a chair in front of a table that had a rectangle cut out of one side into which the chair was placed. An illustration of the general experimental setup can be found in Figure 1 . Participants sat with their trunk upright and their feet flat on the floor. The heights of both the chair and the table were adjusted so as to support the reaching arm, with the shoulder in slight abduction and extension, the elbow in approximately 80° of flexion, and Figure 1 -Illustration of experimental set-up for perturbed trials. Nonperturbed trials were identical, except for the attachment of the Thera-band. Subjects wore a pair of safety goggles that had the equivalent of the brim of a baseball hat attached to prevent subjects from viewing their reaching arm in the initial position. On nonperturbed trials, the experimenter acted as though they were applying the band by pulling gently on the wrist and shoulder attachments to prevent subjects from predicting when the perturbation would occur. the forearm resting on the table in a neutral position. To guarantee the reliability of the initial position of the arm throughout the experiment, a vacuum air bag was fitted underneath and around the lateral, medial, and backside of the participants' arms, leaving their elbow, forearm, wrist, and hand secured in a depression with rigid sides.
Participants held a cylindrical handle, 5-cm in diameter and 11-cm long using a comfortable power grip. A 12-cm-long knitting needle served as a pointer and was solidly embedded in one end of the handle. The handle and the subject's palm were covered with the loop-and-hook type of Velcro strips, respectively, to maintain the handle's orientation in the hand constant during the trials. After positioning the subject, the chair was locked in place. The subject's trunk was secured to the chair with a harness to limit compensatory trunk movements but still allow normal scapular motion.
Target Position. The center of the target of reaching was positioned at a distance corresponding to 90% of the subject's extended arm length (defined as the distance from the lateral aspect of the acromion process of the shoulder to the pointer tip) and at 70% of the height of the subject's eye from the table while in the sitting position. The target was suspended from a rigid pole by a string to require greater final position control than if subjects were able to forcefully hit it; it offered little mechanical resistance when touched. It was oriented at 45° to each axis of the global coordinate system, for which the y-axis pointed forward from the subject's body, so that the opening of the cylinder into which the pointer was inserted faced diagonally to the right of the subject's reaching (right) arm.
Elbow Perturbation. Leather cuffs with D-rings attached were placed around the upper arm just distal to the armpit and immediately proximal to the wrist. Thera-Band (stiffness = 12.5 N/m) was used to produce an elastic perturbation of the elbow joint during perturbed reaches (Figure 1 ). The ends of the Thera-Band were wrapped around metal hooks that could easily be attached to the D-rings at the wrist and upper arm on perturbation trials. The length of the Thera-Band was selected to ensure that it produced no force in the initial position. Subjects were asked after their experimental session whether they were able to determine when the elastic band was applied or not before movement initiation. All subjects indicated that they were unable to determine before a trial whether the band was applied.
Tasks
Estimation of Mode Vectors. To identify muscle modes in the space of 15 muscle activations, subjects were asked to perform a continuous set of movements in which they moved the hand-held pointer to the full extent of their reach anteriorly, to the right and left, across their body in alternation, and upwards, each direction performed twice. In addition, they traced a figure eight pattern parallel to the frontal plane twice before returning their arm to the initial position on the table. Participants were instructed to move all of their joints (wrist, elbow and shoulder) during the movement, and to perform the movements as fast as possible. Two trials were collected, each one lasting approximately 10 s. EMG signals of the 15 muscles were recorded and used to determine muscle-mode (M-mode) vectors, representing combinations of the muscles' activities. The M-mode vectors were used to transform EMGs from the reaching trials during the experiment proper into M-modes. Details of mode vector estimation are presented below.
Estimation of Motor Equivalence During Reaching. Ninety trials of reaching to insert the hand-held pointer into the cylindrical target that had 3 positional and 2 orientation constraints were performed across two conditions. Reaches of each condition were randomized across trials. In the Perturbed (PERT) Condition, subjects performed 30 trials of reaching from the initial position to the target after the TheraBand was attached with subjects' view of the arm occluded. The bands were at their resting lengths in the initial position so that the subjects felt no pull of the band in this position. In the Control (N-PERT) Condition, 60 trials were performed without the Thera-Band attached. More trials were performed in this condition to make it more difficult for subjects to guess when a perturbation might occur. Before these trials, the experimenter pretended to attach the band with a similar tug on the D-rings so that subjects could not tell whether the band was applied.
Individuals performed a few practice trials of reaching with and without an elastic band attached to the elbow before commencing the experimental trials. A break was permitted when requested by the subjects. Participants never reported fatigue.
Subject Instructions
Subjects were instructed in the main experimental task as follows: "Following my 'go' command, begin reaching when you are ready and then move the pointer as quickly as possible to the target while still being as accurate as possible. You should insert the pointer into the target without disturbing the target's position." It was emphasized that this was not a reaction time task. Participants were instructed to insert the pointer-tip to the depth marked by white tape (1.5-cm from its tip) placed on the cylinder. Subjects were instructed to attempt to perform all trials at the same speed and to hold their final position until receiving the command "Come back," after about three seconds.
Data Collection/Processing
Target and Pointer Position Calibration. Before the experimental trials, the positions of the four markers on the hand rigid body were recorded. In addition, two reflective markers embedded rigidly into a special calibration wand were recorded while the experimenter held the tip of the wand at the tip of the handheld pointer used by subjects to point to the target in experimental trials. Knowing the distance along the calibration wand from its distal marker to its tip allowed determination of the instantaneous position of the pointer-tip during reaches by locating the two wand markers in the local coordinate system of the hand on the calibration trial and reconstructing them from the hand rigid body during the dynamic reaching trials. In addition, at the conclusion of each experimental session, the position of the cylindrical target (2.54-cm diameter, 5.08-cm wide) was determined by holding the tip of the same calibration wand at the center of the target and recording the position of its two reflective markers in global space. Knowing the distance from the distal marker to the tip and the positions of the two calibration wand markers allowed determination of the center of the target.
Movement
Kinematics. An eight-camera Vicon MX-13 motion-measurement system (Vicon, Oxford Metrics), sampling at a frequency of 120-Hz, was used to collect movement of rigid bodies, composed of four reflective markers, attached to the upper trunk, between the neck and acromion, upper arm, forearm, and hand and individual markers placed at approximate joint locations (clavicular, shoulder, elbow, and wrist) and on the pointer. The cameras were spatially calibrated to the volume of the experiment before each data collection. In addition two reflective markers were attached at both ends of the Thera-Band to estimate band excursion during the perturbed reaching trials.
One static calibration trial was recorded with the arm extended forward before the experiment (see Figure 1 , Tseng, Scholz, & Schöner, 2002) . The arm was facing forward from the shoulder, with the upper arm, forearm, and hand aligned and held parallel to the floor with the thumb pointing upward. In this position, the arm was parallel to the global y-axis and perpendicular to the global x-and z-axes. All joint angles were defined as zero in this position (see below). The positive axes of each joint coordinate system in this position pointed laterally (x-axis), forward (y-axis), and vertically upward (z-axis).
Identifying Movement Onset and Termination
Vicon Nexus 1.6.1 software was used to postprocess the kinematic data. First, the reflective markers were labeled and tracked automatically by the Nexus software. The three-dimensional marker locations were then saved and further processed with a customized Matlab program (version 7.1, Mathworks Inc., USA). Marker coordinates were low-pass filtered at 5-Hz with a bidirectional fourth-order Butterworth filter. The derivatives of the pointer-tip marker's x, y and z coordinates were obtained and the resultant velocity computed. From the resultant, the reach onset and termination were determined, respectively, as the sample values were the resultant velocity exceeded or fell below 5% of the peak value. All trials were examined for double-peaked velocity profiles, which were eliminated from further analysis. Very few trials had double peaked velocities.
Joint Angle Computation
Joint angles were calculated from the marker coordinates as follows: The rotation matrices required to take the markers of each rigid body at each sample of an experimental reaching trial into their static positions in the calibration trial were estimated (Soderkvist & Wedin, 1993) . The product of these rotation matrices from adjacent segments was then obtained and used to extract Euler angles in Z-X-Y order. The result provided 10 degrees of freedom of joint motions: three at the clavicle/scapula (abduction-adduction about the z-axis; elevation-depression about the x-axis, and upward-downward rotation about the y-axis) and shoulder (horizontal abductionadduction about the z-axis; flexion-extension about the x-axis, and internal-external rotation about the y-axis) and two at the elbow (flexion-extension about an axis oblique to the local coordinate system; forearm pronation-supination about the y-axis) and wrist (flexion-extension about the z-axis; abduction-adduction about the x-axis). The Rodrigues' rotation formula was used to rotate the elbow flexionextension axes from the x-axis of the global coordinate frame to the axis defined between the medial and lateral epicondyle markers of the humerus.
Motor Equivalence Analysis Based on Kinematics:
Step 1-Geometric Model and Kinematically Defined Jacobian Matrices. The Jacobian matrices were computed as the partial derivatives of the geometric model relating changes in joint angles to changes in either the pointer-tip position or the pointer orientation, i.e., Δx = J(θ N-PERT ) Δθ. Details of the method can be obtained from previous publications (Mattos et al., 2011; J.P. Scholz et al., 2011; J.P. Scholz & Schöner, 1999) . The kinematic data were aligned based on the EMG events before computing the Jacobian matrices or performing the motor equivalence analyses.
Step 2-Motor Equivalence Analysis. For each kinematic sample of each trial of the PERT condition, aligned based on the EMG events, Δθ = θ 0 N-PERT −θ i PERT was computed, where θ 0 N-PERT is the joint configuration averaged across trials of the N-PERT condition and θ i PERT is the joint configuration for the i th trial of the PERT condition. Δθ was then projected into the null-space of the Jacobian computed based on the N-PERT trials and the lengths of projection were computed within (ME component) and orthogonal to (Non-ME component) the null space. The average of the components across trials was computed for statistical analyses.
Electromyography (EMG).
Surface EMG signals were collected at 1080-Hz using a 16-channel wireless Aurion Zerowire EMG Telemetry system (Aurion Inc., Milan, Italy). The system transmits data from the EMG wireless modules (16-bit resolution, High pass filter: 10 Hz, Low-pass filter: 1 KHz) directly to a receiver unit. Self-adhesive Ag/AgCl electrodes (rounded rectangle shape, size 1 × 2 cm) were snapped to the EMG modules and attached parallel to the bellies of the following fifteen muscles on the right side of the body: superior trapezius (STRA), anterior deltoid (ADEL), medial deltoid (MDEL), posterior deltoid (PDEL), pectoralis major (PECT), biceps long head (BICP), brachialis (BRCH), triceps lateral head (LATR), triceps long head (LGTR), triceps medial head (MTRI), brachioradialis (BRRA), flexor carpi radialis (FCRA), flexor carpi ulnaris (FCUL), extensor carpi radialis (ECRA), and the extensor carpi ulnaris (ECUL). For each muscle, electrode placement was determined using standard placement locations (Delagi et al. 1980) and then confirmed by checking the EMG response when asking subjects to perform related movements as well as isometric contractions (Kendall et al., 1993) . The interelectrode distance was 20-mm. The skin was cleansed with isopropyl alcohol and, if necessary, shaved with a medical razor. Each electrode's preamplifier was fastened using double-sided adhesive tape, and covered with cover-roll adhesive stretch tape. The upper arm and lower arm were bound with Coban self-adhesive wrap to secure the EMGs to the limb.
Initial EMG Processing
The raw EMG signals for MVC, mode estimation, and experimental reaching trials were band-pass filtered between 60-Hz to 350-Hz and then rectified and low-pass filtered at 30-Hz. The average baseline EMG values were computed before the beginning of each trial and subtracted from EMG activities for the entire trial. Then, the peak of two maximal voluntary contractions MVC trials for each muscle (see below) was used to normalize the EMG signals from the mode estimation and experimental reaching trials. All EMG signals for the experimental reaching trials were then integrated over 9 samples (IEMG NORM ) to equate the EMG sampling rate with the kinematic sampling rate.
Maximum Isometric Contractions (MVCs)
At the beginning of the data collection session, participants were asked to attempt performance of maximal voluntary movements against the resistance of the experimenter in appropriate directions to activate the recorded muscles. Participants were asked to attempt movement in each direction twice. The peak values of the filtered and rectified EMG signals were determined for each trial during the initial isometric portion of the trials (subjects often eventually overcame the isometric resistance and moved slightly) with a customized Matlab program and the highest peak was subsequently used for normalization of the EMG data.
Motor Equivalence Analysis Based on EMG:
Step 1-Defining Muscle Modes (M-Modes). The integrated, normalized EMG (IEMG NORM ) of two mode-estimation trials were used to provide a more general determination of the mode structure of the arm EMGs to be applied to the actual experimental trials. The EMGs from the two trials were concatenated, and then submitted to a principal component analysis (PCA) based on the muscle EMG correlation matrix, with Varimax rotation and factor extraction. The PCA was performed using the SPSS (IBM SPSS Statistics 19). PCA finds a set of mutually orthogonal components, each composed of linear combinations of each of the original factors (in this case, EMGs). The contribution of a given muscle to a principal component is referred to as the "loading" of that component. Those PCs, which contributed significantly to capturing the variance of the original dataset, were subsequently rotated using Varimax procedure. This procedure attempts to find a coordinate system rotation, which increases the large loadings and decreases the small loadings for any given component. PCA was used for this analysis instead of the frequently used NNMF procedure because the results of NNMF are nonorthogonal vectors, making computing variance per DOF impossible due to invalidation of the Pythargorus theorem for nonorthogonal subspaces.
Five principal components (PC's) were extracted for all subjects based on the criterion that all PCs had at least one muscle loading with absolute magnitude greater than 0.5. The average across subjects variance accounted for by the five M-modes was 76.28 ± 3.25%. After the M-mode vector (matrix size = 5 PC's by 15 muscles) was defined for each subject, the IEMG NORM data for each trial of the PERT and N-PERT conditions was converted into the M-mode space.
Step 2-Defining EMG Onsets. For each trial of each condition of a subject's data, EMG onset was determined as the sample value where the sum of the
, across muscles deviated from the baseline value based on visual inspection (Figure 2 , top panel). The sum over muscles was used because it resulted in a clearer determination of the onset compared with the EMG NORM of individual muscles. Once the EMG onset was determined for each trial of both conditions, the trials were aligned at this sample value and cut so that the number of samples before EMG onset was consistent across trials, based on the trial with the fewest samples from data collection onset until the EMG onset. Likewise, the number of samples post-EMG onset was determined based on the trial with the fewest number of samples from EMG onset until the end of the trial, determined kinematically (i.e., 5% of peak resultant velocity of the pointer-tip).
Step 3-Defining Perturbation Onsets for Trials of PERT Condition. Perturbation onsets were based on the sum of the three triceps' heads, because this muscle showed the clearest change in response to the elastic perturbation of the elbow. Figure 2 -Illustration of methods to determine (top panel) EMG onsets for a given trial of both conditions and (middle and lower panels) the time of onset of a perturbation for a given trial of the PERT condition. EMG All Muscles in the top panel is the sum of the rectified, filtered and normalized EMGs of all measured arm muscles for a given trial. EMG TRICEPS is the sum of rectified, filtered and normalized the EMGs for a given PERT trial and the average of this sum across trials for the N-PERT condition.
Step 4-Estimating Jacobian for Nonperturbed Trials Relating Changes in M-modes to Changes in Pointer Position or Pointer Orientation. A Jacobianlike matrix for M-modes was estimated, similar to the Jacobian for kinematics (see below), by multiple linear regression analysis without the intercept, with the five M-modes as the independent variables and each of the three dimensions of pointer position and orientation as the dependent variables, e.g.,
Where, P is the pointer-tip position with x, y, z-coordinates and b ij are the unstandardized coefficients of the multiple regression analysis. The regression for orientation produces a similar Jacobian with M-mode changes related to the yaw, pitch and roll axes of pointer orientation. To increase the number of data points for the regressions, Jacobians were computed using consecutive 15 data samples across all trials of the N-PERT condition. Fifteen samples were chosen based on an evaluation of how changes in the number of samples used in the regression from as few as 6 to as many as 18 affected the b-values and their significance. Regressions with fewer than 15 samples resulted in noticeable changes in the b-values as additional samples were added. After 15 samples, a stable result was achieved.
The model evaluated, then, was Δx = J M − mod es
Δx is the change in either the position or orientation variables, J is the Jacobian based on coefficients of the regression analysis, and ΔM-modes is the difference between perturbed and nonperturbed M-modes. Both the Jacobian ΔM-modes were computed at identical time points before and after the perturbation.
Step 5-Computing Motor Equivalence. The motor equivalence analysis asked how much of the change that occurred in the configuration of five M-modes when the perturbation was applied compared with the N-PERT condition was consistent with the same pointer-tip position or pointer orientation that occurred on the N-PERT trials. At each of the aligned data samples, the M-mode configuration for each trial of the PERT condition was subtracted from the mean across trials M-mode configuration of the N-PERT condition. This ΔM-mode configuration was then projected into the null-space of the EMG Jacobians for position and for orientation, based on the N-PERT trials as described above. Because the Jacobians were computed across 15 samples, the ΔM-mode configuration for every sample of 15 consecutive samples was projected into null space of the same Jacobian. The length of projection in the null space (ME component) provides an estimate of the extent to which the M-mode deviation was a reflection of flexible combinations of the 5 M-modes used to keep the pointer position or pointer orientation consistent in the PERT trials with its position or orientation for the N-PERT trials. The length of projection orthogonal to the null space (Non-ME component) reflected the extent to which the difference in the 5 M-modes between the PERT and N-PERT conditions led to a change in the pointer position or pointer orientation. The mean across trials of the ME and Non-ME components for each subject was then computed for statistical analysis.
The goal of this analysis, then, was to identify whether the perturbation would change significantly the scaling of the M-modes so that they were no longer consistent with the nonperturbed Jacobian. If that were the case, a large nonmotor equivalent projection would be obtained. Alternatively, if the change in scaling induced by the perturbation reflected in the difference in perturbed and nonperturbed M-modes, then the projection of that difference would lie mainly in the UCM of the nonperturbed trials. Although the perturbation will affect the individual muscle activations, especially at the elbow, changing the scaling of the five M-modes, that change can be such that they tend to preserve the mean end-effector position or hand orientation or both, obtained on nonperturbed trials or could lead to very different end-effector positions or hand orientations. The only way to address this question is to reference the perturbed M-modes to the nonperturbed M-modes and how this difference relates to the nonperturbed Jacobian. The nonperturbed Jacobian used in the analysis is not affected by the position-dependent force field.
For both the EMG and kinematic analyses of motor equivalence, the projections were normalized by the square root of the subspace dimension. For example, for the analysis relating changes in five M-modes to changes in the 3D pointer-tip position, the orthogonal subspace in which changes of the pointer-tip position occur is three-dimensional whereas the null-space has two dimensions (5-3). Therefore, the ME component is the null-space projection divided by the square root of 2 while the Non-ME component is the orthogonal subspace projection divided by the square root of 3. For the kinematic analysis, the orthogonal projection was normalized by the square root of 3 while the null-space projection was normalized by the square root of 7 (10-3).
Experimental Variables
Changes in the motor equivalence and nonmotor equivalence as a result of the perturbation were studied. In addition, two additional variables were investigated to help interpretation of the motor equivalence results.
Movement Time. Movement time was computed as the time between movement onset and termination, as defined above Variability of Pointer Position and Orientation. Deviations of the pointer position at movement termination relative to the calibrated target position (x-, y-, z-coordinates) were obtained, and constant errors (CE) and variable errors (VE) were computed. Variable errors of pointer orientation, across repetitions, were also computed at movement termination.
Index of Cocontraction.
A possible source of motor equivalent effects (i.e., ME > Non-ME) could be a selective increase in cocontraction on PERT trials compared with N-PERT trials. To test this, an index of cocontraction (iCC) between the elbow flexors and elbow extensors was computed for both conditions based on Rudolph et al. (2001) 
Statistical Analysis
All statistical analyses were performed with SPSS (IBM SPSS Statistics 19). A p < .5 was considered statistically significant for all analysis. One-way repeated-measures ANOVAs were used to test for differences between the N-PERT and PERT conditions for movement time and variability of the pointer position and orientation at movement termination.
Motor equivalence and iCC measures were averaged across four phases (1) before the perturbation onset (Pre-Pert), (2) from perturbation onset to 50-ms after the perturbation (Post-Pert 50), (3) from 51 to 100-ms postperturbation (Post-Pert 100) and (4) between 100-ms and 300-ms postperturbation (Post-Pert > 100). To evaluate motor equivalence both at the joint and muscle levels, threeway repeated-measures ANOVAs were performed with factors: 1) performance variable (3D position vs. 3D orientation), phase (Pre-Pert, Post-Pert50, PostPert100, and Post-Pert > 100), and component of projection (ME vs. Non-ME) of ΔM-mode or Δθ.
Two way ANOVAs were performed to evaluate the effect of the condition (N-PERT vs. PERT) and phase (Pre-Pert, Post-Pert50, Post-Pert100, and PostPert > 100) on the index of cocontraction. Post hoc tests were performed using the M-matrix function in SPSS.
Before statistical analyses of motor equivalence, outliers (with values outside mean ± 2 SDs) were replaced by the mean ± 2 SD, depending on the direction of the deviation. This applied to only 6 of 160 values per data matrix (2 performance variables × 4 phases × 2 projection components × 10 subjects). For all comparisons, if Mauchly's test of sphericity was significant, the Greenhouse-Geisser correction was used in the event that the significance with this correction differed from the standard statistics. Figure 3 illustrates the mean and standard deviation of changes of joint degreesof-freedom affected by the elastic perturbation of the elbow during reaching trials. Only the six degrees-of-freedom showing a substantial effect are illustrated for simplicity. Note that the direction of effect of each joint differed with the perturbation. Figure 4 illustrates time profiles of the averages across trials of the elbow angle (top row), linear envelopes of elbow flexor EMGs (second row), and elbow extensor EMGs (third row), and the five M-modes (bottom row) for the N-PERT (left column) and PERT (right column) condition of a representative participant. In trials of both conditions, there was a pronounced increase in the activity of the elbow flexor muscles at movement onset, likely related to lifting the forearm out of the trough used to stabilize the initial position. This was followed by a burst in the triceps to launch the hand to the target. For this subject, most of the contribution of the triceps activity came from activity of the medial head. Activity of other muscles (not shown) was somewhat more variable from trial to trial. The Thera-Band that was placed across the elbow joint provided a continuous perturbation during the 
Results
Movement Time
The average (± SEM) of movement time was slightly lower for the N-PERT condition (0.849-s ± 0.029-s) compared with the PERT condition (0.898-s ± 0.041-s; F 1, 9 = 5.13; p = .05). Table 1 presents the average (± SEM) across-subjects variability of the pointer position and orientation at movement termination as well as the average (± SEM) constant error of targeting. Despite the perturbation being applied to the elbow, individuals were still able to complete the task with reasonable accuracy of the pointer position/orientation. The variable error of pointer position (p > .64) and pointer orientation (p > .36) did not differ between the PERT and N-PERT conditions, nor was there an interaction of condition by target coordinate (position, p > .74; orientation, p > .95). However, variable error differed among the three coordinate axes (position, F 2, 18 = 11.5, p < .01; orientation, F 2, 18 = 18.3, p < .001). For pointer position, variable error did not differ between the x and z-dimensions (p > .78), but both x (F 1, 9 = 17.7, p < .01) and z (F 1, 9 = 14.1, p < .01) dimensions had less variable error than did the y-dimension. Variable error of orientation was higher about the yaw (z: F 1, 9 = 15.4, p < .01) and pitch (y: F 1, 9 = 24.6, p < .01) axes than around the roll (x) axis, whereas variable error did not differ between the yaw and pitch axes (p > .19).
Variability of Pointer-Tip Position and Orientation at Movement Termination
There was a significant effect of condition (F 1, 9 = 57.5, p < .001) for constant error of the pointer position. Constant error was higher for the PERT compared with the N-PERT condition (Table 1) . That is, the terminal distance between the pointer tip and target did differ between perturbed and nonperturbed conditions, although this difference is quite small, less than 1.7-cm. There also was a main effect of target coordinate (F 2, 18 = 18.0, p < .001), but no significant interaction between condition and coordinate (p > .06). Constant error was substantially higher along the y-dimension than either the x (F 1, 9 = 22.7, p < .01) or z (F 1, 9 = 26.0, p < .001) dimensions but did not differ between the x and z dimensions (p > .08).
M-mode Identification
Five M-modes were identified for all subjects. Typical time profiles for the M-modes are illustrated in the bottom row of plots in Figure 4 . The linear regressions used to estimate how variation of the five M-modes affected pointer position or pointer orientation, the estimated Jacobian matrices, yielded, on average across subjects, adjusted R 2 values of 0.887 ± 0.019 and 0.825 ± 0.052, respectively. Each of the individual M-modes was a significant predictor of both orientation and position for each subject in more than 50% of the movement trajectory with the exception of a total of ten cases out of 100 (six cases for position and four cases for orientation). Three examples of the structure of M-mode vectors are illustrated in Table 2 . Six of ten subjects had very similar muscle contributions to M-modes 1 and 2, as illustrated by S01 and S10. However, the muscle contributions to M-modes 3-5 could vary quite a bit across subjects, as also illustrated by these two examples. Subject S03 provides an example of one of the four subjects exhibiting a different M-mode organization. In this case, the variance explained was more evenly distributed across M-modes, with M-mode 1 being more similar to M-mode 2 of S01 and S10, while and the triceps heads loaded most strongly on M-mode 4 instead of M-mode 1. Table 3 presents the cosine of the angle (dot product) between corresponding M-mode vectors for S01 and all other subjects. M-mode 1 explained the most of the variance in EMG activity, whereas M-mode 2 explained the next highest amount of variance, etc., for all subjects. Note that S01, S04, S05, S08, S09 and S10 had the most similar EMG contribution to M-modes 1 and 2 (dot product close to 1.0), but could differ strongly for the other modes.
Motor Equivalence
M-mode Space. In perturbed conditions, the deviation of M-mode variables was observed as early as 50-ms after the first visible changes in the EMG signals induced by the perturbation. These deviations were more pronounced in the ME component as compared with the Non-ME component, computed for both pointertip position and pointer orientation. Figure 5 (top panels) depicts the projection components of ΔM-mode at different phases relative to the perturbation onset for 3D position (left panel) and 3D orientation (right panel) hypotheses. There was a significant effect of Projection Component (F 1,9 = 7.5, p < .05), and an interaction between Projection Component and Phase (F 1.4,12.6 = 4.63, p < .05; Greenhouse-Geisser adjustment). Post hoc tests using the M-matrix structure in SPSS revealed ME > Non-ME for all four time intervals, preperturbation, Post-Pert50, Post-Pert100, and for the remainder of the trial (F 1,9 > 5.68, p < .05). There was a strong tendency for the ME component of the ΔM-mode projection to increase more than the Non-ME component between the preperturbation and Post-Pert50 phase (F 1,9 = 5.02, p = .052). When comparing the preperturbation and the Post-Pert100 phases, ME increased significantly more than the Non-ME component (F 1,9 = 5.78, p < .05). The ME and Non-ME components increased equally between the preperturbation and Post-Pert > 100 phases (p > .12). There were no other effects (all p > .08).
Joint Configuration Space.
Qualitatively similar results were seen in the joint configuration space: Deviations of the kinematic variables were particularly pronounced in the ME component, as compared with the Non-ME component, computed for both pointer-tip position and pointer orientation. The projection components of Δθ at different phases relative to the perturbation onset for 3D position and 3D orientation hypothesis are illustrated in Figure 5 , bottom panels. Analysis of the kinematic data revealed that all main effects and interactions were significant. The ME component of Δθ was greater than the Non-ME component for all phases (F 1,9 = 121.5, p < .001). In contrast to the M-mode results, there was a significant three-way interaction of the performance variable (position vs. orientation), phase and projection component (F 1.44,12 .98 = 4.87, p < .05, GreenhouseGeisser adjustment). This was due primarily to the fact that the difference between .024
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. the ME and Non-ME components increased for later phases more when computed with respect to pointer orientation ( Figure 5 , lower right panel) than for pointer-tip position ( Figure 5 , lower left panel).
Index of Cocontraction
Cocontraction of muscles acting at the elbow joint increased throughout the course of the movement, but there were no major differences between the perturbed and unperturbed conditions. Figure 6 presents the index of cocontraction for both the PERT and N-PERT conditions. There was a main effect of the phase on the index of cocontraction (F 3, 27 = 8.49; p < .05), while the interaction between condition and phase approached significance (F 3, 27 = 3.76, p = .054) reflecting the tendency toward higher iCC index for the later phases under the PERT condition.
Discussion
The main result of the study is that unexpected perturbations during reaching movements produced muscle activation responses that had different magnitudes in two subspaces, motor equivalent and nonmotor equivalent. The differences between the magnitudes of the ME and Non-ME response components were seen as early as 50-ms after the first visible effects of the perturbation on muscle activations. The M-mode analysis is based on quantifying the coordinated electromyographic (EMG) activities of muscles across the arm. EMG is assumed to reflect changes in the neural drive to the motoneuron pools that innervate muscles. Thus, changes in M-mode magnitudes reflect coordinated changes in neural Figure 5 -Motor equivalent (ME) and nonmotor equivalent (Non-ME) components of projections of (1) deviations of M-modes between PERT and N-PERT conditions (top row) and (2) deviations of the joint configurations between PERT and N-PERT conditions (lower row) related to stability of the pointer position (left column) and its orientation in 3D space (right column) for four phases of the reach.
activation, due to local reflexes (40-60 ms postperturbation), preprogrammed reactions (~70-100 ms), or voluntary corrections (>100 ms). The observed differences between ME and non-ME components suggest significant reflex and preprogrammed neural contributions to the previously reported results based on kinematic variables (Mattos et al., 2011) . Another hypothesis that stronger motor equivalence effects would be observed with respect to the pointer's spatial orientation was not confirmed at the level of muscle activation analysis, while it was confirmed by the analysis of the two components at the level of joint rotations. We also refuted the hypothesis that the early difference between the ME and Non-ME response was due to changes in muscle cocontraction. Implications of these results will be further discussed with respect to the general issue of motor equivalence, its importance for the scheme of control with muscle synergies, and the role of different factors for motor equivalence in space of different variables.
Motor Variance and Motor Equivalence
Two aspects of the motor behavior of redundant systems have been discussed recently (reviewed in Latash et al., 2007) . The first aspect is related to the structure of motor variability estimated across repeated trials at the same motor task. The apparatus of the uncontrolled manifold (UCM) hypothesis (Scholz, Schöner 1999) allows quantifying two components of variance within the redundant space of elemental variables. Figure 7A illustrates a typical data distribution across multiple trials at a task of producing a constant total output by two effectors (E 1 + E 2 = C TASK ). Contributions of each of the effectors were measured in individual trials and plotted in the state space of this simple system. Note that the cloud of data points is elongated along the line corresponding to perfect task performance (the UCM for this task). Variance along this line introduces no error into performance and may be addressed as "good" variance. Variance orthogonal to the line leads to errors in the sum (E 1 + E 2 ), and may be called "bad" variance. Indices of synergies stabilizing the total output of systems similar to the one illustrated in Figure 7A have been quantified across populations, tasks and effector spaces as the relative amount of "good" variance in the total variance (reviewed in Latash et al., 2007) .
The other aspect of motor behavior of such systems is related to the time evolution of the system during task performance. Imagine that the subject in the task E 1 + E 2 = C TASK tries to change the magnitude of C TASK as a function of time. Figure  7B illustrates three possible trajectories that lead to transition of the system from a state corresponding to one value of C TASK = C 1 to another state corresponding to C TASK = C 2 . One of the commonly used methods to compute trajectories of redundant systems is the so-called Moore-Penrose pseudo-inverse (Penrose, 1955; Whitney, 1969) . This method computes a trajectory with the minimal sum of squared deviations of the elemental variables-shown in Figure 7B as the straight line from the initial state (S 0 ) to S 1 orthogonal to the UCM. This trajectory corresponds to zero motion of the system within the motor equivalent space and may be viewed as the most economical one. Two more trajectories are shown in Figure 7B leading from C 1 to C 2 . The second trajectory, S 0 to S 2 , has about equal displacements within the original UCM and orthogonal to the UCM. The third trajectory, S 0 to S 3 , shows a much larger component within the UCM (motor equivalent motion) as compared with the motion orthogonal to the UCM (range-motion).
Several earlier studies of joint kinematics during movement of redundant systems have shown significant motor equivalent components in trajectories of such systems, as well as self-motion related to changes in movement velocity (J.P. Yang & Scholz, 2005; Yang, Scholz, & Latash, 2007) . One of those studies showed also that practice in an unusual force field leads to an increase in the relative amount of self-motion (Yang et al., 2007 )-a counter-intuitive result Figure 7 -A: The ellipse shows a hypothetical data distribution across trials for the task of producing a constant total output by two effectors: E 1 +E 2 = C. Note the higher variance along the uncontrolled manifold (UCM) for the task as compared with variance orthogonal to the UCM. The task to change the magnitude of C (from C 1 to C 2 ) can be achieved with different amounts of motion along the UCM (motor equivalent motion), from minimal (from S 0 to S 1 ) to very large (from S 0 to S 3 ). B: If a preferred trajectory from S 0 to S 1 is perturbed (Pert), the corrective reaction may be directed toward the originally planned final state (Reaction-1) or to a state characterized by a larger amount of motion parallel to the UCM (Reaction-2 leading to S 2 ). We observed behavior corresponding to suggesting that self-motion is not a by-product of the mechanical design of the human limbs, but a reflection of a purposeful neural strategy.
While many earlier studies explored the structure of variance in redundant systems (Domkin, Laczko, Jaric, Johansson, & Latash, 2002; Freitas, Scholz, & Latash, 2010; Kang, Shinohara, Zatsiorsky, & Latash, 2004; Krishnamoorthy et al., 2004; Latash, Danion, Scholz, Zatsiorsky, & Schoner, 2003; Latash, Scholz, Danion, & Schoner, 2001; Latash, Scholz, Danion, & Schöner, 2002; Park, Sun, Zatsiorsky, & Latash, 2011; Robert & Latash, 2008; J.P. Scholz & Schöner, 1999; J. P. Scholz, Schoner, & Latash, 2000; Wang, Asaka, Zatsiorsky, & Latash, 2006; Yang & Scholz, 2005; Zhang, Scholz, Zatsiorsky, & Latash, 2008) , relatively few studies have explored the amount of motor equivalent motion and range-motion during natural movements and during responses to perturbations of such movements (J.P. Yang & Scholz, 2005; Yang et al., 2007) . Our current experiment quantified the amount of motor equivalent (ME, within the UCM) motion and Non-ME motion (range-motion) both before and immediately after an unexpected smooth mechanical perturbation. Using a spring-like resistance leads to smooth introduction of the perturbation over the movement time that allows to avoid phasic reflex and preprogrammed responses (Latash & Gottlieb, 1990) . On the other hand, this method does not allow defining an exact time of the perturbation initiation. We used the earliest detectable deviations of the EMG signals from their pattern seen in averaged unperturbed trajectories as the time of effective perturbation initiation (see Experimental Procedure). Given that EMG responses are delayed as compared with the effective changes in peripheral receptor signals by a typical polysynaptic stretch reflex delay (about 40-50-ms), we feel safe to assume that the changes observed within the Post-Pert50 time interval were of an involuntary nature. Indeed, this interval does not include times over 100-ms (shortest simple reaction time) after the estimated time when the perturbation produced perceivable changes in signals from peripheral receptors.
A major finding of the study is that the perturbation was associated with quick responses (deviations from unperturbed trajectories; Figure 5 ) in both muscle activation and kinematic spaces that were mostly confined to the ME subspace. Figure  7B illustrates a hypothetical trajectory between two values of the task variable and two possible reactions to a deviation from that trajectory induced by a perturbation. Reaction to the first deviation (solid line in Figure 7B ) is directed to bring the trajectory back to its original path (in the space of elements), while the second reaction allows the trajectory to deviate substantially from the original path while still bringing it to the UCM corresponding to the next desired value of the performance variable (C 2 ). The latter solution would correspond to a larger relative amount of ME motion, and this is what we observed in the experiment. The relatively higher ME component, as compared with the Non-ME component, was seen immediately after the perturbation and the relative difference between the two showed a tendency to increase with time, particularly for the analysis in the joint angle space.
The difference between the ME and Non-ME components immediately following the onset of the perturbation, when defined in joint configuration space, can result both from coupling of joint rotations due to biomechanical factors (e.g., joint interaction torques), as well as neural control (Mattos et al., 2011) . The very similar difference observed in the muscle activation space provides a strong argument for a significant neural contribution to this result. We considered two possible reactions to perturbations that could potentially contribute to the ME vs. Non-ME difference. The first is changing the amount of cocontraction within agonist-antagonist muscle groups acting at individual joints. Cocontractions in the responses to unexpected perturbations have been reported in several studies (Latash, 2010a; Lewis, MacKinnon, Trumbower, & Perreault, 2010; Robert & Latash, 2008) . Our analysis, however, failed to show significant changes in the cocontraction index during the first 100-ms following the identified time of the first muscle reaction to the perturbation. Note that the contrast between the ME and Non-ME components was seen during these time intervals in both joint configuration and muscle activation spaces. So, we view the cocontraction hypothesis as unlikely. An alternative is to assume that quick (reflex) muscle reactions to perturbations already show signs of a synergic organization directed at correcting errors in important performance variables (orthogonal to the corresponding UCMs) while allowing such errors to accumulate in the ME directions (within the UCM).
Several mechanisms have been offered to account for such reactions. Optimal feedback control (Todorov, 2004; Todorov & Jordan, 2002; Valero-Cuevas et al., 2009 ) predicts that corrective actions of the hypothetical neural controller would be directed at correcting deviations relevant for performance in the space of elemental variables, while ME deviations would be allowed to emerge. A similar prediction is made by schemes based on short-latency back-coupling loops (Latash, Shim, Smilga, & Zatsiorsky, 2005) , feed-forward synergic control (Goodman & Latash, 2006) , and recent developments incorporating main ideas of the equilibrium-point hypothesis (Feldman, 1986; Feldman & Levin, 2009 ) into the schemes for the neural control of multielement redundant systems (Latash, 2010b (Latash, , 2012 Martin, Scholz, & Schöner, 2009) . Currently, all these schemes make similar predictions with respect to predominance of ME trajectories in response to perturbations. Some of the schemes imply neural computations (Goodman & Latash, 2006; Todorov, 2004; Todorov & Jordan, 2002) , while the rest are based on assuming certain physical and physiological processes. Subjectively, we prefer the latter approach (Latash, 2010b (Latash, , 2012 .
Multimuscle Synergies as Means of Building Motor Equivalent Solutions
The notion of muscle synergies has been interpreted in two ways. The first follows the traditional understanding of synergies as a number of elemental variables that change in parallel (Bernstein, 1967; Turvey, 1990) . In the space of individual muscle activations as elemental variables, this definition leads to methods of synergy identification based on matrix factorization techniques such as principal component analysis and nonnegative matrix factorization (D'Avella & Bizzi, 2005; D'Avella et al., 2008; Ivanenko, Capellini, Dominici, Poppele, & Lacquaniti, 2007; Saltiel et al., 2001; Ting, 2007) . Application of such methods has allowed reducing the dimensionality of the original space of muscle activations to a lower-dimensional space of synergies. It has been shown that patterns of activation of large muscle groups during such tasks as standing, reacting to whole-body perturbations, walking and isometric force production can be represented using only a handful of variables (Ivanenko et al., 2007; Roh, Rymer, & Beer, 2012; Ting, 2007; Trumbower, Ravichandran, Krutky, & Perreault, 2010) .
The alternative approach is based on a different definition of a synergy, namely a neural organization of elemental variables that stabilizes (reduces variance) a potentially important performance variable by covaried adjustments of the elemental variables . The existence of several elemental variables that show parallel changes is insufficient evidence to allow claiming that these variables are united into a synergy. Identification of muscle groups with parallel scaling of activation levels, even when their activities can be related to particular force (Roh et al., 2012) or perturbation (Ting, 2007) directions as in the former understanding of synergies, represents only the first step in analysis of synergies according to the latter understanding. Such muscle groups are viewed as a lower-dimensional set of elemental variables (addressed as muscle-modes or M-modes), which are still redundant as compared with the sets of constraints associated with typical tasks. A number of studies, mostly using large muscle groups associated with whole-body actions, identified and quantified synergies stabilizing such variables as coordinates of the center of pressure and shear forces acting on the body of a standing person (Danna-Dos-Santos et al., 2008; Klous, Mikulic, & Latash, 2011 , 2012 Krishnamoorthy et al., 2004; Robert & Latash, 2008) . Only a handful of studies applied the concept of multimuscle synergies in the latter meaning to arm actions (Krishnamoorthy et al., 2007) .
In this study, we used the concept of multimuscle-mode synergies to explore possible causes of the predominantly motor equivalent deviations of joint trajectories in response to an unexpected perturbation reported earlier (Mattos et al., 2011 ). Indeed, it was possible that the perturbations produced joint deviations predominantly in the motor equivalent directions due to the mechanical joint coupling and effects of multijoint interaction in the specific joint configurations used in the study. It was important to explore whether motor equivalent deviations dominated in the muscle activation space. These effects could only be mediated by the central nervous system and would point at its important role in the organization of short-latency responses to perturbation in a redundant system. We did observe qualitatively similar results in the two spaces, those of M-modes and of individual joint rotations. This result demonstrates that the specific trajectory deviations (predominantly motor equivalent or ME, see Reaction-2 in Figure 7B ) are organized neurally.
Muscle synergies (in the meaning of multimuscle-mode synergies) may be viewed as the neural organizations that have three main purposes. First, the organization of muscles into groups (M-modes) reduces the dimensionality of neural variables. Second, covariation of M-mode activations in successive trials is organized to stabilize trajectory of important performance variables. Third, such muscle synergies are linked via short-latency loops to produce primarily motor equivalent deviations in cases of unexpected perturbations. The combination of the second and third purposes may be viewed as the means of ensuring stability of a multielement action. In this case, the word "stability" means both "low variance across trials" and "preserving trajectory of important variables under perturbations".
Motor Equivalence in Different Spaces
The notion of motor equivalence was originally used by Bernstein (1967) in his classical studies of writing with an implement held by different effectors or attached to different body parts (reproduced later, Raibert, 1977) . The term implied using variable sets of effectors (and, obviously, different muscle activation patterns) to achieve the same global goal. In general, the term does not necessarily imply motor redundancy. For example, different combinations of joint trajectories can accomplish the task of reaching to a target in two-dimensional space performed by a two-joint limb. If, however, not only the final state but also trajectory of important performance variables matters, motor redundancy becomes a necessary condition for having multiple motor equivalent solutions. Several studies have documented stabilization of the whole time profile of an important task-related variable by multijoint (multidigit) synergies, even when only the final value of that variable was required by the task (Domkin, Laczko, Djupsjobacka, Jaric, & Latash, 2005; Domkin et al., 2002; Shim, Latash, & Zatsiorsky, 2003; Tseng & Scholz, 2005; Tseng et al., 2002; Tseng, Scholz, Schoner, & Hotchkiss, 2003) .
Natural human movements may be viewed as being built on a control hierarchy involving several synergies. For example, multijoint reaching to a target may be viewed as built on a multijoint kinematic synergy; each joint's trajectory may be viewed as built on a multimuscle synergy, while each muscle's activation pattern may be viewed as built on a synergy of motor units . In our study, we considered two spaces of variables, those of joint rotations and those of muscle activations (reduced to M-modes). Motor equivalence was defined in both cases similarly, with respect to the end-effector position and orientation, both changing in time. The similarity of the effects of the perturbation on the relative amount of ME and Non-ME motions is not a trivial result. It suggests that muscle activations are organized into a synergy stabilizing not individual joint rotations but the endpoint trajectory. This result questions the aforementioned idea of a hierarchy of levels of synergies Latash et al., 2007) . It is more compatible with the view that motor elements at all levels of analysis are united into synergies stabilizing the ultimate task-related variables, not intermediate variables within the assumed hierarchy.
